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A  composite  film  is  coated  on  the  FTO  using  a  solution,  containing  a  synthesized  dispersant, 
poly( oxy ethylene )-segmented  imide  (POEM),  dihydrogen  hexachloroplatinate  (H2PtCle),  and  multi-wall 
carbon  nanotube  (MWCNT);  the  thus  coated  FTO  is  used  as  the  counter  electrode  (CE)  for  a  dye-sensitized 
solar  cell  (DSSC).  The  annealing  temperature  of  the  composite  film,  in  the  range  of  1 1 0-580  °C,  is  found  to 
be  crucial  for  optimizing  its  catalytic  ability  to  obtain  the  best  possible  performance  for  the  DSSC.  About 
47%  loss  in  mass  for  the  POEM/H2PtCl6 /MWCNT  composite  is  observed  from  110  to  390  °C,  due  to  not 
only  the  progressive  formation  of  PtNPs  from  H2PtCl6  but  the  decomposition  of  POEM.  Therefore,  the  effi¬ 
ciencies  ( rj )  of  DSSCs  applying  these  CEs  are  enhanced  from  1.28  ±  0.08%  (1 10  °C)  to  8.47  ±0.21%  (390  °C). 
The  mass  of  the  composite  loses  dramatically  under  heating  above  390  °C,  due  to  the  decomposition  of 
MWCNTs.  The  p  decreases  to  7.77  ±0.15%  at  450  °C  because  the  decrease  in  surface  roughness  of  film. 
PtNPs  grow  in  sizes  from  450  to  580  °C,  resulting  in  the  further  decrease  in  catalytic  ability  of  film  and 
the  observed  p  from  7.77  ±0.1 5%  to  7.1 9  ±0.21%. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  counter  electrode  (CE),  a  key  component  in  a  dye-sensitized 
solar  cell  (DSSC),  has  the  essential  function  of  conversion  of  tri¬ 
iodide  (I3  _ )  into  iodide  (r )  in  the  electrolyte  of  the  cell,  and  thereby 
completes  the  cycle  of  operation  of  the  cell  [1,2].  Due  to  its  extraor¬ 
dinary  catalytic  ability  and  conductivity,  platinum  (Pt),  is  usually 
employed  as  the  catalytic  film  on  the  conducting  substrate  of  a  CE. 
The  platinized  CE  not  only  reduces  the  voltage  loss,  resulting  from 
the  charge-transfer  overpotential  at  it,  but  also  reflects  the  light 
falling  on  it  [3].  Therefore,  a  Pt-based  CE  is  of  pivotal  importance 
for  a  high  performance  DSSC.  Several  techniques,  such  as  mag¬ 
netron  sputtering,  electro-deposition,  and  thermal  decomposition 
have  been  employed  for  the  deposition  of  a  Pt  film  on  the  CE  sub¬ 
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strate  of  a  DSSC  [4-7].  Papageorgiou  et  al.  [6]  have  reported  about  a 
high  performance  DSSC;  the  CE  of  the  pertinent  cell  was  coated  with 
a  nanoparticles-film  of  Pt,  through  thermal  decomposition.  The  cat¬ 
alytic  Pt  films,  consisting  of  platinum  nanoparticles  (PtNPs)  were 
obtained  from  the  Pt  precursor,  dihydrogen  hexachloroplatinate 
(H2PtCl6)  [8]. 

Recently,  some  carbon  materials  and  conducting  polymers  were 
used  as  efficient  catalysts  on  the  CEs  of  DSSCs  [9,10].  Carbon  nano¬ 
tubes  (CNTs)  have  long  since  been  explored  as  promising  materials 
in  electrochemistry,  owing  to  their  electrical,  mechanical,  and  ther¬ 
mal  properties  [11,12].  CNTs  are  efficient  catalysts  for  I3  -  reduction 
in  a  DSSC;  such  cells  exhibit  a  competitive  performance,  with  ref¬ 
erence  to  the  DSSCs  based  on  Pt  CEs  [13-17].  We  have  prepared 
a  nanocomposite  film  for  a  CE  by  using  a  synthesized  polymer, 
poly(oxyethylene)-segmented  imide  (POEM);  the  film  consisted  of 
PtNPs  and  multi-wall  CNTs  (MWCNTs)  [18]. 

The  present  work  deals  with  a  DSSC,  consisting  of  a  CE  with  a 
catalytic  layer  of  PtNP/MWCNT.  Because  of  the  coexistence  of  three 
components  in  the  deposition  solution,  i.e.,  H2PtCl6,  MWCNTs,  and 
POEM,  we  determined  most  suitable  annealing  temperature  for 
PtNP/MWCNT-coated  CE.  The  variations  in  the  catalytic  film,  e.g., 
surface  morphology,  crystalline  size  of  the  PtNPs,  amount  of  POEM 
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in  the  film,  and  consequent  variation  in  the  power-conversion  effi¬ 
ciency  (77)  of  the  pertinent  cell,  due  to  the  variation  in  the  annealing 
temperature  of  the  catalytic  film,  are  studied.  The  DSSC  assem¬ 
bled  with  the  PtNP/MWCNT-CE,  in  which  the  CE  was  annealed 
at  the  optimal  temperature,  has  shown  an  r\  of  8.47  ±0.21%.  The 
nanocomposite  film  was  characterized  at  various  annealing  tem¬ 
peratures,  using  spectroscopic  and  electrochemical  techniques. 

2.  Experimental 

2.1.  Materials 

MWCNTs  (diameter  =  40-60  nm,  length  =  0.5-1 0  pm)  were 
received  from  Seedchem  Company  Pty.,  Ltd.,  Melbourne  Vic, 
Australia.  H2PtCl6  (ACS  regent,  Premion,  99.95%)  and  sodium 
borohydride  (NaBH4,  98%)  were  purchased  from  Alfa  Aesar  Chem¬ 
ical  Co.  Anhydrous  Lil,  I2,  acetonitrile  (ACN)  and  polyethylene 
glycol)  (PEG,  M.W.  =  20,000  g  mol-1)  were  received  from  Merck. 
Titanium(IV)  isopropoxide  (TTIP,  +98%),  4-tert-butylpyridine 
(TBP,  96%),  and  tert- butanol  (TBA,  99.5%)  were  obtained  from 
Acros.  3-methoxypropionitrile  (MPN,  99%)  was  a  product 
from  Fluka.  ds-Bis(isothio-cyanato)bis(2,2'-bipyridyl-4,4'- 
dicarboxylato)ruthenium(II)bis-  tetrabutylammonium  (so-called 
N719),  and  l,2-dimethyl-3-propylimidazolium  iodide  (DMPII) 
were  obtained  from  Solaronix  S.A.,  Aubonne,  Switzerland. 

2.2.  Preparation  of  nanocomposite  PtNP/MWCNT  counter 
electrode 

Poly(oxyethylene)-segmented  imide  polymer  (POEM)  was 
synthesized  by  mixing  poly(oxyethylene)-diamine  (POE2000, 
M.W.  =  2000  g  mol-1,  waxy  solid,  melting  point  =  37-40  °C,  amine 
content  0.95meq.g-1  with  an  average  39  oxyethylene  and 
6  oxypropylene  units  in  the  structure)  and  4,4/-oxydiphthalic 
anhydride  (ODPA,  97%  purity,  Aldrich  Chemical  Co.).  The  use  of  POE- 
backboned  polymer  dispersant  allows  the  non-covalent  blending  of 
PtNPs  with  MWCNTs;  the  amphiphilic  solvating  property  of  POEM 
is  required  for  high  dispersibility  of  PtNP/MWCNT  composite  in  the 
solution.  The  POEM  polymer  was  synthesized  through  the  reac¬ 
tion  of  POE2000  with  ODPA  at  a  molar  ratio  of  6:5;  the  following 
procedure  is  adopted.  POE2000  (lO.OOg,  5  mmol)  in  tetrahydrofu- 
ran  (THF,  TEDIA  Company  Inc.)  (15  mL)  was  poured  into  a  lOOmL 
three-necked,  round-bottomed  flask,  equipped  with  a  magnetic 
stirrer,  nitrogen  inlet-outlet  lines,  and  a  thermometer;  a  solution 
of  ODPA  (1.29  g,  4  mmol)  in  THF  (10  mL)  was  added  to  the  reac¬ 
tor  through  a  funnel  in  a  drop-wise  manner.  During  the  addition, 
the  mixture  was  stirred  vigorously  and  the  reactor  was  maintained 
at  150  °C  for  3  h.  The  product  was  subjected  to  rotary  evaporation 
under  a  reduced  pressure  and  was  finally  recovered  as  a  yellowish 
waxy  solid.  During  the  process,  samples  were  taken  periodically 
and  characterized  by  using  a  Fourier  transform  infrared  (FTIR) 
spectroscopy.  The  FTIR  spectra  shows  that  the  absorption  peaks 
of  anhydride  at  1780  cm-1  (s)  and  1850  cm-1  (w)  disappeared  at 
the  expense  of  the  peaks  at  1713  and  1773  cm-1  for  the  asymmet¬ 
ric  stretch  of  imide.  The  characteristic  absorption  of  oxyalkylene 
was  observed  at  1 1 00  cm-1 .  The  combination  of  PtNPs  with  MWC¬ 
NTs  was  accomplished  through  an  in  situ  reduction  of  H2PtCl6  in 
the  presence  of  MWCNTs  in  the  dispersant  POEM  in  an  aqueous 
medium.  The  MWCNTs  (0.036  g)  were  first  dispersed  in  7.11  g  of 
deionized  water  in  a  vial  and  sonicated  under  a  VCX  500  Ultrason- 
icator  at  ambient  temperature  for  15  min.  The  resulting  solution 
was  dark  black  with  some  solid  precipitate  at  the  bottom  of  the 
container,  indicating  a  low  degree  of  dispersion.  In  a  separate  glass 
container,  POEM  (1.0  g)  and  H2PtCl6  (1.00  g,  2.4  mmol)  were  dis¬ 
solved  in  5.14  g  of  deionized  water,  and  the  contents  were  added 


to  a  solution  of  MWCNTs/deionized  water  (7.1 1  g).  A  homogenous 
suspension  of  MWCNTs  was  obtained  by  mixing  them  in  the  pres¬ 
ence  of  POEM  and  H2PtClg.  PtNPs  were  then  generated  by  slowly 
adding  0.7  wt%  of  NaBH4  (0.007  g)  into  1  g  deionized  water  (due 
to  the  reduction  of  H2PtCl6).  This  dispersion  was  further  stirred 
for  several  hours  at  ambient  temperature  and  monitored  for  the 
attachment  of  PtNPs  on  the  surfaces  of  MWCNTs,  using  a  transmis¬ 
sion  electron  microscopy  (TEM).  The  prepared  solution  was  then 
spin-coated  on  a  fluorine-doped  Sn02  glass  substrate  (FTO,  sur¬ 
face  resistance  =  15  £2  sq.-1,  Solaronix  S.A.,  Aubonne,  Switzerland), 
in  which  2000  rpm  were  used  for  30  s.  FTO  glasses  coated  with 
the  nanocomposite  films  were  annealed  at  various  temperatures 
of  110,  200,  390,  450,  and  580  °C  for  20  min.  Thus,  the  fabrication 
of  PtNP/MWCNT  counter  electrode  (PtNP/MWCNT-CE)  was  accom¬ 
plished. 

2.3.  Preparation  ofTi02  photoanode  and  assembly  of  DSSC 

In  a  sol-gel  method,  the  TTIP  was  added  into  H20/HN03  at  88  °C 
for  8  h.  The  resultant  solution  was  further  subjected  to  240  °C  in  an 
autoclave  for  12  h  to  obtain  nanocrystalline  Ti02.  The  Ti02  solution 
was  concentrated  to  13  wt%.  30  wt%  of  PEG  (with  respect  to  Ti02) 
was  then  added  to  the  slurry.  The  paste  was  then  doctor-bladed 
on  the  FTO,  and  the  Ti02/FTO  was  further  annealed  at  450  °C  for 
30  min.  After  repeating  the  coating  and  annealing  twice,  a  light  scat¬ 
tering  layer  (a  layer  of  Ti02  with  particles  of  300  nm)  was  coated 
on  the  Ti02  film;  the  film  was  then  again  annealed  at  450  °C  for 
30  min  [19].  The  Ti02  film  was  shaved  to  obtain  an  active  area  of 
0.16  cm2 ,  and  then  it  was  immersed  in  a  solution  of  0.3  mM  N7 1 9  in 
ACN/TBA  (equal  volume)  for  1 2  h.  The  dye-adsorbed  Ti02  photoan¬ 
ode  was  attached  to  a  CE,  using  a  25  p-m-thick  Surlyn  film  as  the 
spacer  between  the  electrodes.  The  MPN-based  liquid  electrolyte 
containing  0.6  M  DMPII,  0.1  M  Lil,  0.05  M I2,  and  0.5  M  TBP  was  then 
injected  into  the  space  separated  by  the  Surlyn  film  (through  the 
capillary  effect). 

2.4.  Instrumentation 

Thermo-gravimetric  analyzer  (TGA,  TGA-7,  PerkinElmer)  was 
used  for  quantifying  the  loss  in  the  weight  percentage  of  the 
samples.  The  surface  morphologies  of  the  CEs  were  observed  by 
field-emission  scanning  electronic  microscopy  (FE-SEM,  Zeiss  EM 
902A).  Energy  dispersive  spectrometer  (EDS,  NovaTM  NanoSEM 
230)  and  atomic  force  microscopy  (AFM,  NanoScope)  equipped 
with  a  probe  of  tapping  mode  were  used  for  estimating  the  con¬ 
tents  of  chlorine  and  the  surface  roughness  of  the  CEs,  respectively. 
The  crystalline  orientations  and  sizes  of  PtNPs  were  measured  and 
calculated  from  X-ray  diffraction  (XRD,  Philips,  X’Pert)  patterns. 
Cyclic  voltammetry  (CV,  CHI,  electrochemical  workstation,  model 
440)  was  performed  with  a  three-electrode  cell  for  determining 
the  active  surfaces  of  the  films.  Surface  of  the  DSSC  was  illumi¬ 
nated  by  a  class  A  quality  solar  simulator  (PEC-L1 1 ,  AM  1 .5G,  Peccell 
Technologies,  Inc.)  and  the  incident  light  intensity  (100  mWcm-2) 
was  calibrated  with  a  standard  Si  cell  (PECSI01,  Peccell  Technolo¬ 
gies,  Inc.).  Photoelectrochemical  characteristics  of  the  DSSC  were 
recorded  with  a  potentiostat/galvanostat  (PGSTAT  30,  Autolab,  Eco- 
Chemie,  the  Netherlands).  Electrochemical  impedance  spectra  (EIS) 
were  obtained  by  the  above-mentioned  potentiostat/galvanostat 
equipped  with  an  FRA2  module,  under  a  constant  light  illumination 
of  100  mW  cm2. 

3.  Results  and  discussion 

The  synthesized  POEM  dispersant  has  the  chemical  structure 
shown  in  Fig.  1.  POEM  was  used  for  dispersing  the  inorganic 


276 


K-C.  Huang  et  al.  /  Journal  of  Power  Sources  203  (2012)  274-281 


Fig.  1.  The  chemical  structure  of  POEM. 


components  and  also  for  preventing  the  self-aggregation  of  MWC- 
NTs  in  the  aqueous  solution,  containing  H2PtCl6  and  NaBH4.  In  the 
presence  of  an  excess  amount  of  H2PtCl6  with  respect  to  NaBH4 
(weight  ratio  of  143:1),  a  partial  formation  of  PtNPs  occurs,  imply¬ 
ing  that  Pt4+  is  partially  reduced  to  Pt°  in  the  solution  [20].  The 
residual  H2PtCl6  in  the  solution  would,  however  decomposes  to  Pt 
during  the  annealing  processes  [7,8]. 

The  mass  of  the  solidified  composite,  POEM/H2PtCl6/MWCNT, 
prepared  from  the  above  solution  through  the  help  of  a  freeze 
dryer,  depends  on  the  annealing  temperature,  as  shown  in  Fig.  2. 
Fig.  2  shows  the  residual  masses  of  both  POEM  and  MWCNT  at  dif¬ 
ferent  temperatures.  The  mass  of  the  composite  decreases  as  the 
annealing  temperature  increases  from  1 1 0  to  390  °C.  The  loss  in  the 
mass  of  the  composite  can  be  attributed  to  the  following  chemical 
reaction,  associated  with  the  progressive  formation  of  the  Pt  from 
H2PtCl6;  in  the  chemical  reaction,  Cl2  and  H20  can  be  produced 
during  the  annealing  process,  as  follows: 

2H2PtCl6  +  02^  2H20  +  2Pt  +  6Cl2t  (1) 


Fig.  2.  TGA  spectra  of  POEM,  MWCNTs,  and  POEM/H2PtCl6/MWCNT. 


The  release  of  Cl2  will  be  further  evidenced  (loss  in  the  percent¬ 
age  of  mass)  through  EDS  analyses,  to  be  discussed  at  a  later  stage. 
Another  reason  for  the  loss  in  the  mass  of  the  composite  lies  in 
the  dramatic  loss  of  the  mass  of  POEM  due  to  its  decomposition 
at  around  200  °C.  When  the  annealing  temperature  is  higher  than 
390  °C,  the  decomposition  of  MWCNT  is  responsible  for  the  signifi¬ 
cant  mass  loss  of  the  composite  (Fig.  2).  The  mass  of  the  composite 


Fig.  3.  EDS  spectra  of  PtNP/MWCNT  film  annealed  at  (a)  110,  (b)  200,  and  (c)  390  °C;  AFM  images  of  PtNP/MWCNT  film  annealed  at  (d)  390  and  (e)  450  °C. 
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Table  1 

Chlorine  (Cl)  in  weight  percentage  and  the  corresponding  root-mean-square  rough¬ 
ness  (Rms )  of  the  film  of  PtNP/MWCNT,  annealed  at  various  temperatures.  The  value 
at  each  temperature  was  an  average  of  values  obtained  at  three  different  surface 
locations. 


Annealing  temp. 

Cl  (wt%) 

Rms  (nm) 

110°C 

6.30 

± 

0.73 

21.55 

± 

2.47 

200  °C 

0.94 

± 

0.82 

24.12 

± 

2.72 

390°C 

0.00 

± 

0.00 

22.66 

± 

1.45 

450  °C 

0.00 

± 

0.00 

14.97 

± 

2.98 

580°C 

0.00 

± 

0.00 

14.30 

± 

2.35 

remains  stable  in  the  range  of  annealing  temperature  from  500  to 
700  °C;  the  presence  of  metallic  Pt  may  be  attributed  to  this  stable 
mass. 

To  find  the  reason  for  the  decrease  in  the  mass  of  the  composite, 
as  the  annealing  temperature  increases  from  1 1 0  to  390  °C,  we  have 
performed  EDS  analyses  of  the  PtNP/MWCNT  composite  film  at  dif¬ 
ferent  temperatures,  and  the  spectra  are  shown  in  Fig.  3a-c.  The 
energy  level  at  2.62  keV  represents  the  chlorine  (Cl),  which  exhibits 
a  decrease  in  intensity  as  the  annealing  temperature  increases  from 
1 1 0  to  390  °C.  This  implies  a  gradual  release  of  Cl2  with  the  increase 
of  the  annealing  temperature;  the  decrease  in  the  Cl  content  was 
found  to  be  from  6.30  ±0.73  to  0.00  ±  0.00  wt%,  as  the  annealing 
temperature  had  decreased  from  110  to  390  °C  (Table  1).  Table  1 
suggests  that  the  H2PtCl6  is  completely  converted  to  Pt  at  390  °C. 
In  the  range  of  110-200  °C,  the  weight  loss  of  Cl,  calculated  accord¬ 
ing  to  Eq.  (1)  using  Fig.  2,  is  7.64  wt%,  which  roughly  agrees  with 
the  value  obtained  from  the  EDS  data  (5.36  wt%).  For  the  range 
of  200-390  °C,  however,  the  difference  in  weight  losses  calculated 
according  to  Eq.  (1)  using  Fig.  2  (4.33  wt%)  and  obtained  from  the 
EDS  data  (0.94  wt%)  is  large.  This  weight  loss  of  4.33  wt%  is  not  only 
due  to  the  liberation  of  Cl  from  the  conversion  of  H2PtCl6  to  PtNP, 
but  also  due  to  the  decomposition  of  POEM  which  occurs  at  around 
200  °C  (Fig.  2). 

Root-mean-square  roughness  (Rms)  values  of  the  compos¬ 
ite  films  obtained  from  AFM  are  also  shown  in  Table  1.  The 
Rms  values  vary  greatly  at  the  annealing  temperatures  of  390  °C 
(22.66  ±  1 .45  nm)  and  450  °C  (14.97  ±  2.98  nm).  The  AFM  images  of 
the  films  annealed  at  390  and  450  °C  are  shown  in  Fig.  3d  and  e, 
respectively;  the  AFM  images  exhibit  relatively  rough  and  smooth 
surfaces  at  390  and  450  °C,  respectively.  Rod-like  structures  are 
apparent  in  the  film  in  Fig.  3d,  and  they  may  contain  the  MWCNTs; 
Fig.  3e  does  not  show  such  structures,  indicating  that  the  MWCNTs 
have  partially  decomposed  at  450  °C.  The  distinct  change  both  in 
the  surface  morphology  as  well  as  in  the  Rms  value  of  the  composite 
film  annealed  at  390  and  450  °C  is  due  to  the  partial  decomposition 
of  MWCNT  at  450  °C;  this  phenomenon  is  also  consistent  with  the 
behavior  of  the  corresponding  trace  in  the  TGA  diagram  (Fig.  2). 
Fig.  4  shows  the  variations  of  Cl  content  (wt%)  and  Rms  value  for 
the  PtNP/MWCNT  film  at  110,  200,  390,  450,  and  580  °C.  It  can 
be  seen  that  the  Cl  content  becomes  zero  at  the  temperature  of 
390  °C.  The  value  of  Rms  varies  slightly  in  the  temperature  range 
of  11 0-390  °C,  and  again  in  the  temperature  range  of  450-580  °C; 
the  Rms  values  show  a  drastic  decrease  in  the  temperature  range 
from  390  to  450  °C.  The  reason  for  this  drastic  change  is  the  loss  of 
MWCNT,  as  already  mentioned. 

It  is  clear  that  the  PtNPs  were  formed,  when  the  composite  film 
was  annealed.  To  understand  the  formation  of  PtNPs  from  H2PtClg 
and  also  the  variation  in  the  crystalline  size  of  the  thus  formed 
PtNP,  the  presence  and  crystalline  growth  of  PtNPs  were  studied 
by  XRD  (Fig.  5).  In  order  to  observe  the  changes  in  the  crystalline 
sizes  of  PtNPs,  without  any  interference  due  to  POEM  or  MWCNTs, 
we  have  coated  the  substrates  only  using  H2PtCl6  and  subjected 
the  Pt  films  obtained  at  different  temperatures  for  XRD  analyses. 
The  crystallinity  of  Pt(l  1 1 )  is  largest  at  580  °C,  as  can  be  seen  from 


Fig.  4.  Variations  of  Cl  content  (wt%)  and  root-mean-square  roughness  (Rm s)  value 
of  the  PtNP/MWCNT  film  at  110,  200,  390,  450,  and  580  °C. 


Fig.  5.  XRD  patterns  of  the  PtNP  films,  annealed  at  various  temperatures. 


its  26  value  at  39.7°  [21  ].  The  crystalline  size  (D)  can  be  calculated 
using  the  following  Scherrer’s  equation 


ia 

P  cos  6 


(2) 


where  K ,  A,  and  0  are  0.89, 1.54  A,  and  39.7°/2,  respectively,  and  ft 
is  the  width  at  half  maximum  of  the  diffraction  peak  correspond¬ 
ing  to  Pt(l  1 1)  [22].  The  values  of  D  at  390,  450,  and  580 °C  were 
found  to  be  6.63,  7.67,  and  14.58  nm,  respectively  (Table  2).  It  has 
been  reported  that  a  growth  in  the  crystalline  size  of  PtNPs  causes 
a  decline  in  the  catalytic  ability  of  the  pertinent  film  [23].  There¬ 
fore,  the  effect  of  crystalline  size  on  the  catalytic  ability  of  the  film 


Table  2 

Crystalline  size  (D)  of  platinum  nanoparticle,  ratio  of  real  area  to  geometrical  area, 
i.e.,  7\reai /^geometry  (Ar/Ag),  interfacial  charge-transfer  resistances  (Rct i  and  Rc  12),  and 
exchange  current  density  (Jo)  of  the  DSSCs  with  PtNP/MWCNT-CEs,  annealed  at 
various  temperatures.  DSSCs  were  illuminated  at  100  mW cm-2. 


Annealing  temp. 

D  (nm) 

Ar/Ag 

Rcti  (£2) 

Rc.2  (£2) 

Jo  (mAcrn-2) 

110°C 

_ 

ND 

108.00 

111.20 

0.12 

200  °C 

NDa 

2.16 

11.93 

15.26 

1.08 

390  °C 

6.63 

2.57 

5.73 

15.64 

2.24 

450  °C 

7.67 

1.86 

8.85 

17.00 

1.45 

580°C 

14.58 

1.28 

11.00 

15.80 

1.17 

a  ND:  not  detectable. 
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with  the  PtNPs,  and  thereby  on  the  photovoltaic  performance  of 
the  pertinent  DSSC,  is  further  examined. 

Fig.  6  presents  the  FE-SEM  surface  images  of  PtNP/MWCNT  film 
annealed  at  various  temperatures.  It  can  be  seen  that  the  image  of 
the  film  annealed  at  1 1 0  °C  (Fig.  6a)  is  fainter  than  those  of  the  film 
annealed  at  other  temperatures;  this  may  be  due  to  the  presence  of 
complete  POEM  in  the  composite.  The  image  of  the  film  annealed  at 
200  °C  (Fig.  6b)  becomes  clearer,  because  of  the  partial  conversion 
ofH2PtCl6  to  PtNPs  and  also  because  of  the  decomposition  of  non¬ 
conducting  POEM.  Moreover,  MWCNTs  on  the  FTO  substrate  are 
distinctly  observed  (Fig.  6b).  The  progressive  growth  in  the  crys¬ 
talline  sizes  of  PtNPs  is  indicated  at  the  temperatures  from  390 
to  580  °C  by  the  expansion  of  white  dots  spread  on  the  substrate 
(Fig.  6c-e).  These  results  are  in  consistency  with  those  from  the 
XRD  spectra  (Table  2).  Additionally,  the  rod-like  structures  of  MWC¬ 
NTs  diminish  partially  at  450  °C  (Fig.  6d),  with  reference  to  these 
structure  of  the  film  annealed  at  390  °C  (Fig.  6c),  due  to  the  decom¬ 
position  of  MWCNTs;  this  observation  is  also  in  consistency  with 
the  values  of  Rms  obtained  from  AFM  (Table  1 ).  When  the  annealing 
temperature  reaches  to  580  °C,  the  decomposition  of  the  MWCNTs 
is  complete,  as  judged  by  the  disappearance  of  MWCNTs  in  Fig.  6e. 

Since  both  the  crystalline  size  of  PtNPs  and  the  surface  mor¬ 
phology  of  the  composite  film  are  affected  by  the  annealing 
temperature,  the  surface  area  and  the  catalytic  ability  of  the  com¬ 
posite  film  also  would  be  affected;  this  in  turn  would  affect  the 
performance  of  the  pertinent  DSSC.  To  estimate  the  actual  catalytic 
surface  areas  of  the  films  annealed  at  different  temperatures,  CVs 
were  obtained  for  the  films  annealed  at  these  temperatures.  Fig.  7 


Fig.  7.  CV  curves  of  PtNP/MWCNT-CEs  obtained  in  0.5  M  H2S04,  at  the  scan  rate  of 
50mVs-1. 

shows  the  CVs  of  the  CEs  with  the  films  annealed  at  various  tem¬ 
peratures.  The  potential  of  the  electrode  was  swept  from  -0.2  to 
1.4V  (vs.  Ag/AgCl),  at  the  scan  rate  of  50mVs-1  in  the  aqueous 
medium  of  0.5  M  H2S04  [24].  The  geometrical  surface  area  (Ag)  of 
the  PtNP/MWCNT  film  was  2.25  cm2.  The  real  surface  area  (Ar)  of 
the  PtNP/MWCNT  film  was  estimated  by  integrating  the  charges 
under  the  anodic  and  cathodic  peaks  of  the  CV  within  the  range 
of  -0.2  to  0.2  V  (vs.  Ag/AgCl),  followed  by  subtracting  the  charge 


Fig.  6.  Plane  view  FE-SEM  images  of  the  PtNP/MWCNT-CEs  annealed  at  (a)  110,  (b)  200,  (c)  390,  (d)  450,  and  (e)  580  °C. 
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Fig.  8.  (a)  EIS  spectra  of  the  DSSCs  with  PtNP/MWCNT-CEs  annealed  at  110,  200, 
390, 450,  and  580  °C;  (b)  the  magnified  version  of  the  spectra  at  the  low  impedance 
range. 


associated  with  the  double  layer  in  the  corresponding  range  of 
potentials.  In  addition,  a  conversion  factor  of  21 0  jxC  cm-2  was  used 
for  the  calculation.  The  values  of  ArIAg  for  the  films  annealed  at 
200,  390,  450,  and  580  °C  were  found  to  be  2.16,  2.57,  1.86,  and 
1 .28,  respectively  (Table  2).  The  rougher  the  surface  of  the  film,  the 
higher  the  catalytic  ability  of  the  film  [23];  the  PtNP/MWCNT-CE 
annealed  at  390  °C  is  expected  to  show  the  highest  catalytic  ability, 
due  to  its  highest  surface  area  (Table  2).  EIS  data  were  obtained  for 
the  DSSCs  with  the  PtNP/MWCNT-CEs  annealed  at  various  temper¬ 
atures.  The  EIS  spectra  were  obtained  at  frequencies  ranging  from 
65  kHz  to  0.01  Hz,  under  an  illumination  of  lOOmWcm-2.  The  EIS 
represent  the  interfacial  charge-transfer  resistance  at  the  CE  and 
the  electrolyte  (fict i ),  the  interfacial  charge-transfer  resistance  at 
the  dye-adsorbed  photoanode  and  the  electrolyte  (fict2),  and  the 
resistance  of  Warburg  diffusion  in  the  electrolyte  (Zw).  The  main 
effect  is  expected  for  fict i ,  because  only  the  CEs  differ  in  the  DSSCs. 
Fig.  8a  shows  the  EIS  spectra  of  the  DSSCs  with  PtNP/MWCNT-CEs 
annealed  at  110,  200,  390,  450,  and  580  °C  and  Fig.  8b  shows  the 
magnified  version  of  the  spectra  at  the  low  impedance  range.  The 
EIS  shows  significant  variations  in  the  fic ti  values.  The  values  of 
Rcti,  fict2,  and  Zw  were  obtained  by  fitting  the  EIS  spectra  with  an 
equivalent  circuit  model,  which  is  shown  in  the  inset  of  Fig.  8a.  The 
ficti  value  of  the  DSSC  with  the  CE  annealed  at  390  °C  is  5.73  £2;  this 
is  the  smallest  resistance  among  all  obtained  for  other  cells,  which 
are  1 08.00, 1 1 .93, 8.85,  and  1 1 .00  £2  for  the  annealing  temperatures 
of  1 1 0, 200, 450,  and  580  °C,  respectively  (Table  2).  This  tendency  is 
consistent  with  the  tendency  of  Ar/Ag  (Table  2).  On  the  other  hand, 


3 


Fig.  9.  (a)  Photocurrent  density-voltage  characteristics  of  the  DSSCs  with 
PtNP/MWCNT-CEs  annealed  at  different  temperatures;  (b)  photovoltaic  parame¬ 
ters  of  the  DSSCs  as  functions  of  annealing  temperatures  of  their  PtNP/MWCNT-CEs, 
obtained  at  100  mWcirr2. 


the  values  of  Rct2  for  the  DSSCs  are  almost  the  same,  except  in  the 
case  of  DSSC  at  110°C  (fict2  =  111.20  £2).  This  largest  Rct i  is  due  to 
the  non-conducting  POEM  coexisting  in  the  film  of  PtNP/MWCNT, 
as  can  be  seen  by  its  TGA  trace  (Fig.  2)  and  in  the  SEM  image  of 
Fig.  6a.  Additionally,  the  Zw  shows  the  smallest  semicircles,  refer¬ 
ring  to  smallest  resistances  of  Warburg  diffusion  in  the  electrolyte 
for  all  the  cells;  this  is  expected  as  the  electrolyte  is  the  same  for 
all  the  cells. 

As  fictl  dominated  in  the  EIS  data,  exchange  current  density  val¬ 
ues  C/0)  for  the  reduction  of  I3_  were  calculated  from  the  values  of 
fieri,  using  the  following  equation  [7]: 


Jo 


RT 

nFRcn 


(3) 


where  F  is  the  Faraday  constant  and  n  is  the  number  of  electrons 
transferred  at  the  CE  for  the  following  electrochemical  reaction 
(n  =  2): 


I3-  +  2e-^>3r  (4) 

The  highest  Jo  value  of  2.24  mA  cm-2  obtained  for  the 
PtNP/MWCNT-CE  annealed  at  390  °C  (Table  2)  indicates  the  best 
I3_  reduction  at  this  CE. 

To  realize  the  performances  of  DSSCs  assembled  with  the 
PtNP/MWCNT-CEs  annealed  at  110,  200,  390,  450,  and  580  °C, 
photocurrent  density-voltage  (J-V)  characteristics  of  these  cells 
were  obtained,  at  lOOmWcm-2  (Fig.  9a).  The  fill  factor  (FF) 
of  the  DSSC  with  the  CE  annealed  at  110°C  is  0.1 8  ±0.01 
(Table  3);  this  lowest  FF  is  apparently  due  to  the  unfavorable 
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Table  3 

Photovoltaic  parameters  of  the  DSSCs  with  PtNP/MWCNT-CEs  annealed  at  vari¬ 
ous  temperatures,  obtained  at  lOOmWcm-2.  The  values  at  each  temperature  are 
average  values  of  three  cells. 


Annealing 

temp. 

Jsc  (mAcm-2) 

Voc  (V) 

FF 

rj(%) 

110°C 

11.59  ±  0.16 

0.64  ±  0.04 

0.18  ±  0.01 

1.28  ±  0.08 

200  °C 

16.59  ±0.58 

0.72  ±  0.01 

0.59  ±  0.03 

7.09  ±  0.25 

390  °C 

17.08  ±  0.68 

0.75  ±  0.01 

0.66  ±  0.01 

8.47  ±  0.21 

450  °C 

16.34  ±0.48 

0.75  ±  0.01 

0.64  ±  0.02 

7.77  ±  0.15 

580°C 

16.10  ±  0.74 

0.72  ±  0.00 

0.62  ±  0.02 

7.19  ±  0.21 

electron-transfer  in  the  PtNP/MWCNT  composite  film  containing 
non-conducting  POEM.  A  very  low  short-circuit  current  density 
(/sc),  open-circuit  voltage  (Voc),  and  power-conversion  efficiency 
( T])  of  1 1 .59  ±  0.1 6  mA  cm-2, 0.64  ±  0.04  V,  and  1 .28  ±  0.08%,  respec¬ 
tively,  are  obtained  for  the  DSSC  with  the  CE  annealed  at  110°C 
(Table  3).  When  the  annealing  temperature  is  increased  to  200  °C, 
the  Jsc ,  Vqc.  and  r\  of  the  pertinent  DSSC  are  16.59  ±  0.58  mAcm-2, 
0.72  ±0.01  V,  and  7.09  ±0.25%,  respectively;  this  enhancement  in 
the  performance  of  the  DSSC  is  attributed  to  the  progressive  for¬ 
mation  of  PtNPs,  which  could  provide  more  catalytic  sites  for  the 
I3-  reduction,  with  reference  to  those  in  the  case  of  the  DSSC  with 
the  CE  annealed  at  110°C.  The  H2PtCl6  is  completely  converted  to 
PtNPs  at  the  annealing  temperature  of  390  °C  (see  Fig.  4).  Moreover, 
the  decomposition  of  non-conducting  POEM  occurs  in  the  range 
of  200-390  °C  (see  Fig.  2),  and  this  accompanies  an  enhancement 
in  the  catalytic  ability  of  the  PtNP/MWCNT-CE.  Thus  the  best  rj  of 
8.47  ±  0.21%  was  obtained  for  the  DSSC  with  the  PtNP/MWCNT-CE 
annealed  at  390  °C.  Furthermore,  the  DSSCs  show  a  decrease  in  their 
performance  at  the  annealing  temperatures  higher  than  390  °C. 
This  is  due  to  the  decomposition  of  MWCNTs,  which  decreases 
the  value  of  Rms  (Table  1 )  and  due  to  the  growth  of  PtNPs,  which 
decreases  the  value  of  Ar/Ag  (Table  2).  Decomposition  of  MWCNTs 
reduces  the  surface  roughness  of  the  PtNP/MWCNT-CE  and  ren¬ 
ders  small  surface  area  for  the  I3-  reduction.  Growth  of  PtNPs  also 
causes  a  decrease  in  the  surface  area  of  the  film  and  thereby  reduces 
the  catalytic  ability  of  the  film.  Therefore,  the  efficiencies  of  the 
DSSCs  have  decreased  to  7.77  ±0.1 5%  and  7.19  ±0.21%  at  the  tem¬ 
peratures  of  450  and  580 °C,  respectively  (Table  3).  Fig.  9b  shows 
the  photovoltaic  parameters  of  the  DSSCs  as  functions  of  anneal¬ 
ing  temperatures  of  their  PtNP/MWCNT-CEs.  According  to  Fig.  9b, 
the  optimal  annealing  temperature  of  PtNP/MWCNT-CE  is  390  °C, 


Fig.  10.  Photocurrent  density- voltage  characteristics  of  the  DSSCs  fabricated  with 
the  PtNP/MWCNT-CE  and  with  the  bare  PtNP-CE,  in  which  both  CEs  were  annealed 
at  390  °C;  the  DSSCs  were  illuminated  at  100  mW cm-2. 


in  terms  of  JSc  and  rj  of  the  corresponding  cell.  Fig.  10  shows  that 
the  Jsc  (17.08  ±  0.68  mAcm-2)  and  the  rj  (8.47  ±  0.21%)  of  the  DSSC 
with  the  PtNP/MWCNT-CE  annealed  at  390  °C  are  higher  than  those 
of  the  cell  fabricated  with  a  bare  PtNP-CE  annealed  at  the  same  tem¬ 
perature  (Jsc  =  16.56 ±0.31  mAcm-2,  rj  =  7.41  ±0.24%).  The  high 
performance  of  the  cell  with  PtNP/MWCNT-CE  is  ascribed  to  the 
MWCNTs  which  provide  a  rough  surface  to  the  CE,  thereby  provid¬ 
ing  a  high  catalytic  ability  to  it. 

4.  Conclusions 

The  CEs  with  nanocomposite  films  of  PtNP/MWCNT  were  pre¬ 
pared  at  different  annealing  temperatures  (1 10-580  °C)  using  a 
home-made  polymeric  dispersant,  POEM.  The  thus  prepared  CEs 
were  used  to  fabricate  highly  efficient  DSSCs.  The  masses  of  the 
components  of  the  film,  i.e.,  POEM,  H2PtCl6,  and  MWCNTs  showed 
variations  at  different  annealing  temperatures,  as  characterized 
by  TGA.  This  variation  is  consistent  with  the  formation  of  PtNPs 
from  H2PtCl6  and  with  the  decompositions  of  both  POEM  and 
MWCNTs.  The  crystalline  sizes  of  PtNPs  have  increased  with  the 
increase  in  the  annealing  temperature,  and  the  surface  rough¬ 
ness  of  the  nanocompsite  film  has  decreased  from  390  °C.  All 
these  phenomena  rendered  different  catalytic  abilities  for  the 
PtNP/MWCNT-CEs,  annealed  at  different  temperatures,  for  the 
I3-  reduction  and  further  affected  the  photovoltaic  performance 
of  the  DSSCs  with  the  corresponding  CEs.  The  DSSC  with  the 
PtNP/MWCNT-CE,  annealed  at  390  °C  showed  the  highest  power- 
conversion  efficiency  of  8.47  ±  0.21%.  The  superior  performance  of 
the  DSSC  is  attributed  to  the  fine  dispersion  of  the  inorganic  compo¬ 
nent  by  POEM,  to  the  formation  of  PtNP  with  a  moderate  crystalline 
size,  to  the  surface  roughness  of  the  pertinent  film,  and  to  the  com¬ 
plete  decomposition  of  the  non-conducting  POEM  in  the  film  of 
PtNP/MWCNT. 
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